Introduction {#sec1}
============

Breakthroughs in materials engineering have accelerated the use of biomaterials in both preclinical and clinical applications, including engineered cell microenvironments,^[@ref1]−[@ref3]^ drug delivery,^[@ref4]^ tissue engineering,^[@ref5]^ and immunoengineering.^[@ref6]^ A new class of biomaterials has emerged that is not designed to be "biologically inert" but rather to deliver a provision of cues to surrounding cells resulting in improved material performance.^[@ref7]^ This approach is particularly valuable when considering that the immune response to implanted biomaterials can help suppress or modulate the immune cascades to avoid acute inflammation or subacute inflammation. These materials find applications in regenerative medicine, where hyperactivity of immune cells in a damaged tissue is suppressed by the material to promote the healing process,^[@ref8]^ or in cancer therapy^[@ref9]^ and novel vaccine therapies,^[@ref10]^ where a complex immune-modulation from the material can help eradicate diseased cells and promote healthy cells *via* a myriad of coordinated intra- and extracellular signaling pathways.

Mucin glycoproteins are emerging as attractive building blocks to assemble such bioactive materials,^[@ref11],[@ref12]^ driven by advances in our understanding of their structure and biological functions. Mucins are a family of glycosylated proteins, and up to 80% of their mass is composed of *O*-glycans. Mucins are found bound to the cell membrane as part of the glycocalyx^[@ref13],[@ref14]^ or secreted to form the mucus gel protecting the epithelium against irritants and pathogens and to provide hydration and lubrication.^[@ref11],[@ref15]^ In addition to the physical protective role, mucins have also recently appeared as very bioactive molecules. Mucins are immunologically active through the binding of their sugar residues to lectin-like proteins on the surface of immune cells.^[@ref15],[@ref16]^ The muc2 mucins found in the gut can imprint dendritic cells tolerance^[@ref16]^ and, in contrast, can activate nonstimulated dendritic cells in a concentration-dependent manner.^[@ref17]^ In mucinous carcinomas, secreted mucins surround the tumors protecting them from cancer drugs and immune cell infiltration both physically and biochemically.^[@ref18]^ Inoue *et al.* reported that bovine submaxillary mucins supplemented in cell culture medium could activate IL1b expression in macrophages derived from the human THP-1 monocyte cell line (THP-1-M0) in a sialic acid-dependent manner.^[@ref19]^

The evidence for a broad range of bioactivities of mucins, and in particular their immune-modulating activities, has prompted us to investigate whether mucins could be assembled into immune-modulating biomaterials. Biomaterials able to orchestrate the immune reaction to their implantation could be the key to overcome long-standing challenges in biomaterial science, including chronic inflammatory and fibrotic encapsulation.^[@ref20]^ We have recently shown that covalently cross-linked mucin hydrogels (Muc gels) made of bovine submaxillary mucins (Muc) modulate the foreign body response *in vivo*. Those hydrogels caused a broad-dampening effect of cytokine expression in macrophages harvested from the explanted gels and their corresponding peritoneal cavity, and the absence of fibrous encapsulation after 21 days.^[@ref21]^ This discovery suggests that biomaterials containing mucins or mucin-like molecules could be used as implantable hydrogels and coatings that can evade fibrosis and ensure the long-term function of the devices. However, fibrous capsule formation is typically initiated after ∼2 weeks of implantation,^[@ref21]^ and the earlier events that led to such effects are unknown. In addition, none of the features of mucins essential for their immune-modulating properties were clearly identified.

We address these limitations herein by investigating the response of undifferentiated macrophages (M0s) derived from monocyte cell line THP-1 and human primary peripheral blood monocytes when cultured on the surface of Muc and tMuc gels (glyco-modulated Muc gels) over 7 days. The tMuc gels are used to highlight the role of mucin-bound sialic acid sugar residues in the immune-modulating effect. We focus the study on macrophages since material--immune interactions are predominantly orchestrated by macrophages *in vivo*, owing to their heterogeneity and plasticity.^[@ref7]^ Unlike other terminally differentiated cells, macrophages can sense cues from their environment and undergo dynamic changes,^[@ref22]^ either fighting against pathogens^[@ref7]^ or contributing to tissue healing *via* directing stromal cell recruitment and differentiation to maintain tissue homeostasis.^[@ref22]^ In cancers, tumor-associated macrophages (TAMs) are polarized toward a pro-tumoral phenotype contributing to a tumor immunosuppressive microenvironment.^[@ref23]^ In some cancers, mucins can contribute to their pro-tumoral polarization, for instance in the lung, where MUC5B mucins were shown to directly impact TAM phenotype.^[@ref24]^ Thus, by studying macrophage reaction to Muc gels, we characterize an important component of the immune reaction these materials would elicit *in vivo*.

Results {#sec2}
=======

Glycan Composition of Muc Gels can be Modulated by Enzymatic Treatment without Compromising the Mechanical Properties of the Gels {#sec2.1}
---------------------------------------------------------------------------------------------------------------------------------

To prepare mucin hydrogels (Muc gels), we introduced tetrazine (Tz) and norbornene (Nb) functionalities to bovine submaxillary mucin (Muc) molecules as previously described.^[@ref21]^ After being mixed in solution, Muc-Tz and Muc-Nb formed a covalently cross-linked hydrogel through an inverse electron demand Diels--Alder cycloaddition reaction ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A,B). To investigate the role of sialic acid in the response of macrophages, we cleaved sialic acid residues by treating Muc-Tz (tMuc-Tz) and Muc-Nb (tMuc-Nb) with neuraminidase ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). We show by anion exchange chromatography that about 60% of all sialic acid residues were removed after neuraminidase treatment ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C,D). This incomplete removal of sialic acid could be due to the inaccessibility of a fraction of the sialic acid residues or to the specificity of the neuraminidase used. However, given that we obtained an even removal efficiency for the modified and unmodified mucins, the presence of Tz and Nb, which we hypothesize to be located on the mucin protein backbone ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03645/suppl_file/am0c03645_si_001.pdf) Figure S1), does not seem to be responsible for this incomplete sialic acid removal.

![Muc gels cross-linking reaction and mucin glycan modification. Representation of the cross-linking reaction of Muc gels (A) and tMuc gels (B, neuraminidase-treated). Quantification of sialic acid residues on Muc, Muc-Tz, and Muc-Nb (C) and neuraminidase-treated tMuc, tMuc-Tz, and tMuc-Nb (D). The data points are obtained from measurements of *n* = 3 independent samples.](am0c03645_0001){#fig1}

We then tested whether the enzymatic treatment would compromise the rheological properties of the hydrogels; such an effect could influence the macrophage response to the material^[@ref25]^ and make the contributions of sialic acid difficult to infer. Muc-Tz and Muc-Nb solubilized in PBS were mixed and then subjected to oscillatory rheology measurements over time. Both the loss (*G*″) and storage (*G*′) moduli rapidly increased, and initially the response was dominated by *G*″ (indicating the presence of a viscoelastic solution) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). However, ∼5 min after mixing, the response became dominated by *G*′, indicating the presence of a viscoelastic solid thus confirming successful gel formation ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, insert). Both storage and loss modulus reached a plateau-like state after ∼60 min. This plateau value of *G*′ was ∼10 kPa, which is several orders of magnitude higher than the elastic modulus of an un-cross-linked, entangled mucin solution.^[@ref26]^ A frequency sweep performed after the viscoelastic moduli have reached plateaus demonstrated that the system appears indeed to be efficiently and covalently cross-linked ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). Gels with similar viscoelastic properties were obtained when using a complete cell culture medium to dissolve the mucins, suggesting the medium did not interfere with the cross-linking reactions occurring between Tz and Nb ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03645/suppl_file/am0c03645_si_001.pdf)). Importantly, neuraminidase-treated tMuc-Tz and tMuc-Nb also reacted to form hydrogels and showed a rheological behavior and calculated mesh size^[@ref5]^ (ξ) similar to those of untreated Muc gels ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C(insert),D; [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). With an average of 11,6 kPa, the average elastic modulus of tMuc gels was 1 kPa lower than Muc gels but with no statistical difference (*p* = 0.09).

![Rheological characterization of Muc gels and tMuc gels. Time-dependent rheological measurements of the mixed Muc-Tz and Muc-Nb (A) or tMuc-Tz and tMuc-Nb (C) in PBS. Final frequency-dependent viscoelastic moduli of the cross-linked Muc-gel (B) and tMuc gels (D). The error bars denote the standard deviations as obtained from measurements of *n* = 3 independent samples.](am0c03645_0002){#fig2}

###### Mesh Size Values Estimated from the Rheology Data Shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} (*n* = 3)

  sample     ξ (nm)         
  ---------- ------------- -------------
  Muc gel    7.14 ± 1.13   *p* = 0.435
  tMuc gel   8.31 ± 1.71   

We further characterized the nanomechanical surface properties of hydrated Muc gels and tMuc gels by atomic force microscopy (AFM) based nanomechanical surface mapping with the tip submerged in PBS. The measurement is complementary to the bulk rheometer measurements and allows us to reveal the surface heterogeneity in nanomechanics in a range of the AFM tip's radius.^[@ref27]^ We recorded force volume maps for both approach (a combined elastic and viscous contribution) and retraction regimes (mainly elastic contributions). The average elastic modulus ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B) calculated from the elastic modulus maps ([Figures S3 and S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03645/suppl_file/am0c03645_si_001.pdf)) showed no difference between Muc gels and tMuc gels. There was also no difference in the stiffness ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C,D) calculated from the slopes in the repulsive part of the force curves, which are independent of contact models.^[@ref28]^

![AFM nanomechanical characterization of Muc gels and tMuc gels. Elastic moduli (A, B) and stiffness (C, D) of Muc gels and tMuc gels were obtained by AFM-based force volume mapping for both approach (elastic, viscous, and viscoelastic contributions) and retraction regimes (mainly elastic contribution). *n* = 9.](am0c03645_0003){#fig3}

The Phagocytic Ability of THP-1-M0 is Decreased When Cultured on Muc Gels but not Their Endocytotic Ability {#sec2.2}
-----------------------------------------------------------------------------------------------------------

To investigate the early response of macrophages to mucin materials, we first used macrophages type 0 differentiated from human monocyte cell line THP-1 (THP-1-M0) by incubation with phorbol 12-myristate 13-acetate (PMA, 150 nM) for 3 days followed by incubation in a complete cell culture medium without PMA for 1 day. After differentiation, the cells became adherent to tissue culture polystyrene (TCP) and expressed increased levels of CD36 and CD71 macrophage markers^[@ref29]^ compared to THP-1 monocytes ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03645/suppl_file/am0c03645_si_001.pdf)). We seeded THP-1-M0 on tissue culture polystyrene (TCP), Muc gel, and tMuc gels and cultured them over a period of 7 days. THP-1-M0 did not adhere strongly, did not spread, and formed clusters within hours on both Muc gels and tMuc gels ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). As expected, the differentiated THP-1-M0 cultured on Muc gel and tMuc gel did not proliferate as suggested by unchanged metabolic activity from day 0 to 7 ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03645/suppl_file/am0c03645_si_001.pdf)). This suggests that changes in the gene expression profile in THP-1-M0 were not due to significant changes in cell viability.

![Representatives of phase-contrast images of THP-1-M0 cultured on Muc gel and tMuc gel on days 1, 3, and 7 (D1, D3, and D7). Scale bar = 50 μm.](am0c03645_0004){#fig4}

We then ask whether undifferentiated M0 macrophages would be activated and be polarized when in contact with Muc gels. Historically, macrophages have been broadly classified into pro-inflammatory phenotype (M1) that is stimulated by pro-inflammatory signals, such as interferon-γ (IFN-γ) or microbial products lipopolysaccharide (LPS),^[@ref30]^ and alternatively activated (M2) that is stimulated by signals from basophils, mast cells, and other granulocytes, or interleukin 4 and interleukin 13 (IL,4 and IL13).^[@ref30]^ M1 cells have higher capacity in antigen-presenting, and enhancing Th1 differentiation of lymphocytes that produces the pro-inflammatory signals.^[@ref30],[@ref31]^ M1 cells also harm adjacent cells *via* producing toxic reactive oxygen species (ROS) and escalating the pro-inflammatory responses.^[@ref32]^ M2 also constantly expresses scavenger and mannose receptors and releases anti-inflammatory cytokines, *i.e.*, IL-10.^[@ref30]^

We measured the gene expression of 11 pro- and anti-inflammatory macrophages markers by RT-PCR ([Tables S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03645/suppl_file/am0c03645_si_001.pdf)). There was no significant difference in expression of the majority of markers over 7 days between nonadhesive and adhesive TCP ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03645/suppl_file/am0c03645_si_001.pdf)) but with a slight activation of THP-1-M0 for some cytokines (*i.e.*, *CXCL10*, *CXCL8*, and *CCL2*) on adhesive TCP. We thus selected adherent TCP as reference material even though M0 macrophages adhere to TCP and not Muc gels. Both pro-inflammatory *CXCL10*, *CXCL8*, *TNFa*, *CCL2*, *IL1B*, *VEGFA* and anti-inflammatory *IL1Ra* cytokines were upregulated on the first day, then followed by a decrease on days 3 and 7 in THP-1-M0 cultured on Muc gels when compared to TCP and tMuc gels, except for *CXCL8*, *VEGFA*, and *IL1Ra*, for which the upregulation was sustained until day 3 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). *IL-10*, an anti-inflammatory cytokine, showed a unique gene expression pattern with a later activation on day 3 by Muc gel, followed by a decrease on day 7. Strikingly, *IL-10* was significantly upregulated by tMuc gel on day 1. The expression of *CD64* in THP-1-M0 cultured on tMuc gel was significantly higher than Muc gel on day 1, however, there was no significant difference compared to TCP. *MRC1* downregulation was less dependent on sialic acid since it was expressed in cells cultured both on Muc gel and tMuc gels. *Tgm2* (M2 marker) did not change compared to TCP control on day 1 but was downregulated on day 7. The expression of *Tgm2* was downregulated by tMuc gels on day 3 when compared to Muc gels. For nearly all markers, THP-1-M0 cultured on tMuc gels led to little or no activation on days 1 and 3, in contrast with the strong transient activation observed in THP-1-M0 cultured on Muc gels.

![Gene expression in THP-1-derived macrophages type 0 (THP-1-M0) after being cultured on tissue culture polystyrene (TCP), Muc gels, and sialidase-treated Muc gels (tMuc gel) on D1, D3, and D7. The data points denote the mean of relative gene expression to *RPL-37* obtained from three independent experiments with duplicates. Statistical significance was calculated by one-way ANOVA test by Prism 8.0. Black \*, brown \*, and black ∧ indicate the comparison between Muc gels *vs* TCP, tMuc gels *vs* TCP, and Muc gel *vs* tMuc gel, respectively. \*, \*\*, \*\*\*, and \*\*\*\* indicate *p* values of \<0.05, 0.01, 0.0005, and 0.0001, respectively.](am0c03645_0005){#fig5}

We confirmed the gene expression by measuring the expression of four intracellular cytokines at the protein level by FACS. As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, for IL1Ra, IL-1B, and CXCL8 in THP-1-M0, the results were consistent with gene expression, with a significant upregulation in THP-1-M0 cultured on Muc gels when compared to TCP on day 1. Reduction in sialic acid content also led to an inhibition of the transient activation of the macrophages. There were also some discrepancies with the gene expression data. *IL-1B* was downregulated on day 3 but maintained at significantly higher level than on tMuc gels. IL10 protein expression was significantly upregulated by Muc gels on days 1 and 3, which does not agree with the low gene expression level for *IL10* in THP-1-M0 culture on Muc gels on day 1.

![Intracellular cytokine expressions at the protein level in THP-1-derived macrophages type 0 (THP-1-M0) after being cultured on tissue culture polystyrene (TCP), Muc gels, and sialidase-treated Muc gels (tMuc gel) on D1 and D3, analyzed by FACS. The data denote the geometric mean of fluorescence intensity from three independent experiments. Statistics were obtained by one-way ANOVA test by Prism 8.0. Black \*, brown \*, and black ∧ indicate the comparison between Muc gels *vs* TCP, tMuc gels *vs* TCP, and Muc gel *vs* tMuc gel, respectively. \*, \*\*, \*\*\*, and \*\*\*\* indicate *p* values of \<0.05, 0.01, 0.0005, and 0.0001, respectively.](am0c03645_0006){#fig6}

Decrease of Phagocytic Ability of THP-1-M0 When Cultured on Muc Gels but No Change in Their Endocytotic Ability {#sec2.3}
---------------------------------------------------------------------------------------------------------------

In addition to major changes in the expression of cell markers and cytokines, the polarization of macrophages also results in functional differences. In particular, the tendency of macrophages to uptake foreign objects by either endocytosis or phagocytosis has been associated with macrophages phenotypes *in vitro*.^[@ref22]^ We thus investigate the phagocytosis and endocytosis capacities of THP-1-M0 after culturing them on TCP, Muc gel, or tMuc gel for 1 day. We show the Muc gel dampened the phagocytic activity of M0 but did not change their endocytic activity ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Cells cultured on tMuc gel showed a similar trend but with a less pronounced decrease in the phagocytic activity.

![Phagocytosis and endocytosis of THP-1-M0 cells cultured on tissue culture polystyrene (TCP), Muc gels, and sialidase-treated Muc gels (tMuc gel) for 1 day and analyzed by FACS. Cells were treated with pHrodo green *E. coli* bioparticles to measure phagocytosis (A) and fluorescein-labeled dextran (10 kDa, Sigma-Aldrich) to measure endocytosis (B). Data reflect three independent experiments. Statistics were obtained *via* one-way ANOVA test among cells cultured on three different surfaces. \*, \*\*, \*\*\*, and \*\*\*\* indicate *p* values of \<0.05, 0.01, 0.0005, and 0.0001, respectively.](am0c03645_0007){#fig7}

Macrophages Type 0 Derived from Human Peripheral Blood Monocytes (hPBMC-M0) are Also Activated by Muc Gels in a Sialic Acid-Dependent Manner {#sec2.4}
--------------------------------------------------------------------------------------------------------------------------------------------

Although the protocol used to obtain macrophages from THP-1 monocytes has been optimized to generate macrophages best resembling primary monocyte-derived macrophages, there persist differences in how they respond to stimuli.^[@ref33]^ We thus studied the response of human peripheral blood monocytes derived macrophages type 0 (hPBMS-M0) when cultured on Muc gels to increase the further validation of the biological relevance of the results presented above. We sorted human monocytes (CD3^--^CD19^--^CD14^+^) by FACS based on cell surface markers ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03645/suppl_file/am0c03645_si_001.pdf)). The monocyte--macrophage differentiation was performed by incubation with macrophage colony-stimulating factor (M-CSF). The differentiated macrophages became adherent and expressed macrophage markers ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03645/suppl_file/am0c03645_si_001.pdf)). hPBMC-M0 cells were cultured on three different surfaces TCP, Muc gels, and tMuc gels over a period of 7 days. hPBMC-M0 were elongated on TCP on days 1, 3, and 7, spindle-shaped on Muc gels, and round with dendrites on tMuc gels ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). The cell-cultured on Muc gels and tMuc gels could be detached by pipetting, indicating a rather weak adhesion.

![Representative phase-contrast images of hPBMC-M0 cultured on tissue culture polystyrene (TCP), Muc gel, and tMuc gels on D1, D3, and D7. Scale bar = 50 μm.](am0c03645_0008){#fig8}

We investigated the gene expression of seven cytokines in hPBMC-M0 cells on days 1, 3, and 7. Both pro-inflammatory cytokines (*CXCL8*, *IL1B*, and *CCL2*) and anti-inflammatory (*IL1Ra* and *IL-10*) cytokines were significantly upregulated in cells from donor 1 and donor 2 cultured on Muc gels on day 1 and then downregulated on days 3 and 7 ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). However, *TNFa* and *VEGFA* upregulations on day 1 by Muc gels were only observed for donor 2. The partial removal of sialic acids in tMuc gels dampened the transient upregulation of most cytokines down to the levels in cells cultured on TCP. Exceptions were for *VEGFA* and *TNFa* for donor 1 and *IL10* for donors 1 and 2 for which there was not a statistically significant difference between Muc and tMuc gels. It is difficult to explain or predict the exact functional implications of the differences observed between the two donors. However, these differences reflect the impact of the cell genetic background and phenotypical state of the immune cells in their response to materials and suggest that the immune-modulating capacity of Muc gels could somewhat vary between individuals.

![Gene expression in human peripheral blood monocytes-derived macrophages type 0 (hPBMC-M0) after being cultured on tissue culture polystyrene (TCP), Muc gels, and sialidase-treated Muc gels (tMuc gel) on D1, D3, and D7. The data denote the mean of relative gene expression to RPL-37 obtained from three independent repeats with duplicates. Donors 1 and 2 are hollow and filled shapes, respectively. Statistics were obtained by one-way ANOVA test by Prism 8.0. Black \*, brown \*, and black ∧ indicate the comparison between Muc gels *vs* TCP, tMuc gels *vs* TCP, and Muc gel *vs* tMuc gel, respectively. \*, \*\*, \*\*\*, and \*\*\*\* indicate *p* values of \<0.05, 0.01, 0.0005, and 0.0001, respectively.](am0c03645_0009){#fig9}

Discussion {#sec3}
==========

The development and characterization of the Muc gel described herein serve two fundamental purposes. First, because Muc gels mimic the gel-phase presentation of secreted mucins in mucus, or membrane-bound mucins as part of the cell glycocalyx, they are interesting models to further investigate the bioactivity of mucin glycoprotein toward immune cells.^[@ref15]^ The assembly of mucins into hydrogels can possibly change the local concentrations of ligands, affect the internalization of receptors, and engage other receptors interacting with the material such as integrins that can cross-talk with mucin-binding receptors. These phenomena are well established for certain growth factors; for instance, tethered EGF^[@ref34]^ or BMP^[@ref35]^ show different responses than when presented in solution. Second, mucin biomaterials appear as promising immune-modulating systems for tissue engineering and regenerative medicine. Other extracellular matrix molecules (ECMs) are appearing as promising building blocks of immune-modulating scaffolds and biointerfaces.^[@ref36]^ For instance, hyaluronic acid (HA) was shown to participate in the immune-dampening effect of the tumor microenvironment,^[@ref37]^ and mediated activation of αvβ3 integrins leading to a anti-inflammatory M2 macrophage phenotype.^[@ref38]^ And fibrillar rat type I collagen 3D scaffold affects macrophage polarization toward M2 in an integrin-dependent fashion.^[@ref39]^

The bovine submaxillary mucins (BSMs) used herein contain about 50% sialyl Tn and 10% Tn antigens. The sialic acid residues, composed of ∼70% Neu5Ac and ∼30% Neu5Gc can make up to 30% of the molecule's mass.^[@ref40],[@ref41]^ A number of non-sialylated *N*-glycans are also present on the BSM.^[@ref42]^ Sialic acids are of particular interest in this study since they play important roles in immunity. Physically, owing to their localization at the tip of the glycosylation and their negative charge, sialic acid mediate cell--cell interactions and mask antigens. Biologically, by acting as a ligand to several sialic acid-binding receptors on immune cells, sialic acid regulates the activation of the complement, leukocyte trafficking, and the immunoactivity of dendritic cells, neutrophils, B cells, T cells, and macrophages.^[@ref43]−[@ref45]^ An important class of sialic acid receptors are sialic acid-binding immunoglobulin-like lectins (siglec). *In vitro* cultured human monocytes-derived macrophages express siglec-1, siglec-3, siglec-7, siglec-9, and siglec-10.^[@ref46]^ The THP-1-M0 induced by PMA used in this study express siglec-1, siglec-3, siglec-5, siglec-6, siglec-8, and siglec-10.^[@ref47],[@ref48]^ Out of these siglecs, at least siglec-1, siglec-3, siglec-8,^[@ref100]^ siglec-9,^[@ref40],[@ref101]^ and siglec-15,^[@ref102]^ were shown to bind either strongly or moderately the sialyl Tn antigen presented in BSM. These binding events will lead to both activation or dampening of the immune response. For instance, in dendritic cells, neutrophils and macrophages, siglec-2, siglec-3, and siglec-5 to -11 regulate cytokine expression by inhibiting the toll-like receptor signaling pathway when bound to sialic acid residues of mucins^[@ref40],[@ref49],[@ref50]^ and other sialic acid-bearing ligands.^[@ref51]^ Beatson *et al.* reported mucin MUCI expressed on cancer cells, which is decorated by multiple short, sialylated O-linked glycans, engages siglec-9 on myeloid cells, and "educates" them toward pro-tumoral phenotype, contributing to a tumor immunosuppressive microenvironment.^[@ref52]^ In contrast, activated siglec-14, -15, and -16 can associate with DAP12, resulting in the activation of MAPK and AKT pathways, thereby stimulating the pro-inflammatory response.^[@ref53]^ In addition, in antigen-presenting cells, siglec-1 is involved in the binding and internalization of sialic acid-containing antigens before their surface presentation to dendritic and T cells.^[@ref46]^

To investigate the relatively short-term immune-modulatory effect of Muc gels, we cultured both THP-1-M0 and hPBMC-M0 macrophages for 7 days at the gel surfaces. We decreased the sialic acid content of the Muc gels (tMuc gels) to investigate the role of sialic acid in the response of macrophages. The similar mechanical properties and levels of endotoxin and DNA impurities between Muc and tMuc gels ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03645/suppl_file/am0c03645_si_001.pdf)) ensure that the effects observed on macrophages are solely due to the removal of sialic acid. Indeed the mechanical properties of the cellular substrate can affect a host of cell processes^[@ref54]^ and impurities in the material alone can activate macrophages.^[@ref55]^ On the basis of previous reports of the impact of substrate stiffness on macrophage modulation, the slightly smaller average modulus for tMuc gels compared to Muc gel is not likely to be sufficient to impact macrophage phenotype to the extent we observed.^[@ref25]^ We show sialic acid residues on mucins are not crucial for the formation of the cross-linking knots of Muc gels. We hypothesize that this is because the EDC/NHS chemistry applied to graft the Tz and Nb functionalities mainly targets carboxylic groups on the mucin--protein backbone.^[@ref21]^ The localization of Tz/Nb functionalities on the protein backbone is also supported by the absence of Tz and Nb ^1^H NMR peaks in the glycan fraction after their removal from mucins by β-elimination, while strong Tz and Nb ^1^H NMR peaks were detected from the protein fraction ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03645/suppl_file/am0c03645_si_001.pdf)). However, since β-elimination does not remove all mucin glycans and sialic acid residues, it is still possible that the absence of Tz and Nb in the glycan fraction is explained by their exclusive localization on glycans resistant to β-elimination.

After implantation, neutrophils are one of the first immune cells recruited during the acute inflammatory response.^[@ref56],[@ref57]^ Monocytes follow, and can differentiate into, macrophages in response to various environmental cues, including growth factors such as macrophage colony-stimulating factor and IL1B. Macrophages then play an important role in the immune response to implanted biomaterials. We thus focused on characterizing the interactions of nonpolarized macrophages, both THP-1-M0 and hPBMC-M0, with the surface of Muc and tMuc gels. The Muc gels and tMuc are non-cytotoxic and support the survival of cells seeded on ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03645/suppl_file/am0c03645_si_001.pdf)) or in^[@ref21]^ the hydrogels for 7 days. Both THP-1-M0 and hPBMC-M0 poorly adhered to the surface of Muc and tMuc gels. And although hPBMC-M0 spread and did not form clusters, pipetting alone was sufficient to detach them from the surface. This did not come as a surprise, as the materials carry similarities with other poorly cell adherent materials such as alginate^[@ref58]^ and hyaluronic acid^[@ref59]^ that are also hydrated and do not carry any known binding ligands to integrins. This is also in agreement with previous reports of mucin coatings preventing cell adhesion.^[@ref60]^

Then, we aimed to characterize the possible polarization resulting from contact with the Muc gels. The primary hallmark is a general activation of cytokine gene expression and protein production in THP-1-M0 and hPBMC-M0 when in contact with the Muc gels, followed by a reduction on day 3 and back to baseline on day 7. A few exceptions to this general trend were observed. Compared to hPBMC-M0, THP-1-M0 macrophage expression of *MRC1* was not upregulated and *CXCL8*, *VEGFA*, and *IL1RN* differed in their kinetics, with a sustained upregulation on day 3 by Muc gel. The M1 surface markers CD64, a transmembrane glycoprotein involving in antibody-dependent cellular cytotoxicity,^[@ref61]^ was significantly dampened in THP-1-M0 by Muc gels on day 1 and by tMuc gels on day 3. There were some inconsistencies for *IL10* expression at the gene and protein level and between THP-1-M0 and PBMC-M0. The delayed *IL10* upregulation by Muc gels was only observed in THP-1-M0 and at the gene level. The protein levels in THP-1-M0 and gene expression in hPBMC-M0 were more consistent with an increased expression on day 1. The sustained protein levels of IL10 in THP-1-M0 on Muc gels on day 3 could be partially explained by the difference in the lifetimes of mRNA and protein. Overall, it is likely that the combined signaling of several cell surface receptors followed by regulatory mechanisms that result in this complex cytokine expression pattern.

In addition to the expression of markers, THP-1-M0 on Muc gels significantly affected their phagocytosis ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A) but not their endocytic activity ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B). This may be explained by the downregulation of *MRC1* by Muc gels and tMuc gels. MRC1 acts as a phagocytic receptor *via* binding to high-mannose structures presented on bacteria, fungi, and other pathogens.^[@ref62]^ Overexpression in human macrophages of the MUC1 mucin, which contains glycosylation similar to BSM also led to the decrease of their phagocytic activity.^[@ref63]^ Interestingly, M1 macrophages polarized by IFNγ or LPS and IFNγ were shown to decrease their phagocytic ability compared to M0,^[@ref22]^ which is consistent with our results. However, there is not sufficient evidence to conclude that contact between M0 macrophages and a Muc gel would result in an M1 phenotype. Thus, neither the expression of cytokines, cell marker, or the functional signature of macrophages suggests that M0 macrophages polarize toward M1 or M2 after contact with Muc or tMuc gels. The activation of macrophages described herein and in previous work^[@ref21]^ support the existence of a continuum of macrophage phenotypes between M1 and M2,^[@ref64]^ especially *in vivo*.^[@ref65]^ Indeed, the details in how macrophages are activated depend on numerous factors such as the combination of biochemical signals, cell type, and kinetics. Complex environments encountered *in vivo*, or contact with complex materials such as Muc gels, would impact several of these factors.

To test the role of sialic acid in the immune-modulating activities observed, we treated the Muc gels with sialidase. Although sialic acids were not completely absent in tMuc gels, a relative decrease compared to Muc gel still led to drastic changes in the macrophages' response to the material. This suggests the important role of sialic acid receptors such as siglecs on macrophages that regulate their activities, without excluding the role of other sugars. Indeed, tMuc gels with low sialic acid contents activated *IL10* on day 1 and downregulated *CD64*, *CXCL10*, and *CCL2* on days 3 and 7; *MRC1* on days 1, 3, and 7 in THP-1-M0; *CXCL8*, *CCL2* in donor 1, and *ILB* in donors 1 and 2 on day 1 ([Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [9](#fig9){ref-type="fig"}, brown \*) compared to unmodified Muc gels.^[@ref38]^ When removing the sialic acid, the sialyl Tn antigens are converted to Tn antigens. This, in turn, can become a binding partner for a number of receptors, including the macrophage galactose type C-type lectin.^[@ref66]^ The bioactivities of the Tn antigens are also many^[@ref67]^ and will certainly add to the overall effect of Muc gels on macrophages seen in this study.

Conclusion {#sec4}
==========

In this study, we characterized the short-term response of macrophages to Muc gels and investigated the role of sialic acid in the bioactivity of the material. We were able to modulate the glyco-composition of mucin hydrogels without altering their bulk rheological properties and nanomechanical surface properties. We show Muc gels transiently activate macrophages in a sialic acid-dependent manner. Macrophages exposed to Muc gels could not be classified as M1 or M2, but showed broad expression of cytokines on day 1 followed by a decrease on days 3 and 7, with only a few exceptions. How these macrophage activation patterns translate into the broader immune reaction to implantation is unclear. In part because macrophages expression patterns and biomaterial implant outcomes are not well correlated and in another part because of the absence of many other immune components in our *in vitro* system. However, the low cytokine expression could be correlated with the low cytokine expression levels found 14 and 21 days after implantation of Muc gels in the intraperitoneal space of mice, which could be linked with high expression levels of cytokine inhibitor proteins.^[@ref21]^ This study also demonstrates that the glyco-modulation of cross-linkable mucin building blocks serves as a valuable tool to study the bioactivities of mucin materials. Such an approach could be expanded to establish a series of mucin hydrogel variants to study the interplay between glycan composition and cell response. For instance, this study highlights the importance of sialic acid in immune-modulating properties of Muc gels and suggests sialic acid immobilized on a backbone polymer could be a good candidate for artificial mucins recapitulating some of their intrinsic immune-modulating properties.^[@ref68]^

Materials and Methods {#sec5}
=====================

Materials {#sec5.1}
---------

Tetrazine amine (Tz) and norbornene amine (Nb) were purchased from Bioconjugate Technology Co. and TCI EUROPE N.V., respectively. All chemicals were obtained from Sigma-Aldrich including bovine submaxillary mucins (BSM). Given that BSM is a natural material that can experience batch to batch variation, we have conducted these experiments with two batches of BSM (SLBS0651 V and SLBL5233 V). No difference in the effects on macrophages was observed. Cell culture medium and PCR related reagents were purchased from ThermoFisher Scientific. RNA extraction micro- or minikits were purchased from Qiagen. Human monocytes (THP-1) were purchased from ATCC, and human peripheral blood was purchased from a blood bank at the Karolinska Institute Hospital.

Synthesis of Mucin Tz and Nb Derivatives {#sec5.2}
----------------------------------------

We introduced Tz and Nb cross-linking functionalities onto mucins (Muc-Tz and Muc-Nb) as described before.^[@ref21]^ In brief, mucin was predissolved in MES buffer (0.1 M MES, 0.3 M NaCl, and pH 6.5) at a concentration of 10 mg/mL. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC; 4 mmol/(g of dry mucin)) and *N*-hydroxysuccinimide (NHS; 4 mmol/(g of dry mucin)) were then added and stirred for 15 min at room temperature. To the mixture, tetrazine (1 mmol/(g of mucin)) and norbornene (2 mmol/(g of mucin)) were added individually. The reaction mixtures were stirred at 4 °C overnight. After reaction, the reaction mixtures were dialyzed in 100 kDa cutoff-dialysis tubing for 2 days against 300 mM NaCl followed by dialysis against Milli-Q H~2~O for 1 day. Samples were freeze-dried and stored in −20 °C. Specifically, samples used for cell culture were filtered by a syringe filter (0.45 μm) and then transferred into tissue culture flat tubes (screw cap with filter, 0.2 μm) for lyophilization to keep them sterile.

Glycan Modification and Characterization {#sec5.3}
----------------------------------------

The sialic acid removal assay was conducted by using neuraminidase immobilized on slurries (GlycoCleave Neuraminidase kit, GALAB technologies). Briefly, the gelling components of Muc-Tz and Muc-Nb were dissolved separately in a sodium acetate buffer (0.05 mM sodium acetate, 1 mM CaCl~2~, pH 5.5) at a concentration of 25 mg/mL. The solution was then mixed with 1 mL of neuraminidase slurry and incubated overnight at 37 °C at 30 rpm. To separate the neuraminidase slurry and the enzyme-treated mucin derivatives, the mixture was passed through a 10 μm filter. The slurry was washed twice with an acetate buffer. After that, the flow-through was loaded into an Amicon Ultra-30K filter and then centrifuged at 4000*g* for 30 min to separate the enzyme-treated mucin and other small molecules. Next, 15 mL of MQ H~2~O was added to the mucin fraction and then centrifuged at 4000*g*, 30 min three times to desalt the solution. Sterilization was performed by a syringe filter (0.45 μm); then the samples were loaded into tissue culture tubes equipped with screw caps with filter (0.2 μm). Samples were freeze-dried and stored at −20 °C.

The removal efficiency of sialic acid was investigated by anion exchange chromatography based assays. In brief, neuraminidase-treated mucins were further treated by sulfuric acid to cleave all of the glycans. Nontreated mucins were also treated by sulfuric acid and were used for quantification of the sialic acid content of mucin.

Sialic acid quantification was conducted by using the anion exchange chromatography based assay as described above.

Rheological Characterization of Muc Gels {#sec5.4}
----------------------------------------

Rheological measurements were performed using a research-grade shear rheometer (MCR302, Anton Paar) equipped with a plate--plate measuring geometry (measuring head, PP25; Anton Paar, Graz, Austria). The gap between the measuring head and the bottom plate (P-PTD200/Air, Anton Paar) was set to *d* = 150 μm for all measurements. Immediately before a measurement, the two components (Muc-Tz and Muc-Nb) of either the Muc gel or the tMuc gel were diluted in the particular buffer to a concentration of 25 mg/mL each. As a buffer solution, either PBS (pH = 7.4) or a mixture of RPMI 1640 (R8758, Sigma-Aldrich, St. Louis, MO, USA) containing 10% FBS (F9665, Sigma-Aldrich) and 1% penicillin and streptomycin (P4333, Sigma-Aldrich) was used. The two components were thoroughly mixed and centrifuged to remove bubbles before 100 μL of the sample was pipetted onto the rheometer plate. First, gel formation was analyzed for a total time span of *t* = 100 min. Both the storage (*G*′) and loss modulus (*G*″) were determined by a torque-controlled (*M* = 5 μN m) oscillatory (*f* = 1 Hz) measurement. Afterward, a strain-controlled frequency sweep (from *f*~start~ = 10 Hz to *f*~end~ = 0.01 Hz) was performed to determine the frequency-dependent viscoelasticity of the cross-linked sample. For this frequency sweep, a constant strain was used, which was chosen as the average of the five last values determined in the torque-controlled gelation measurement.

Surface Nanomechanical Properties of Gels by Atomic Force Microscopy {#sec5.5}
--------------------------------------------------------------------

Silicon wafers (22 × 22 mm^2^) were cleaned using a 2% Deconex solution (Borer Chemie AG, Switzerland) in a sonicator for 15 min, then rinsed with Milli-Q water and ethanol sequentially, and dried using a filtered nitrogen jet. The gelling components for Muc gels and tMuc gels were premixed and deposited on substrates separately and incubated for 1 h in a humidified chamber to allow proper gelation. The nanomechanical measurements were conducted in force volume mapping mode using a JPK NanoWizard 3 atomic force microscope (JPK Instruments AG, Berlin, Germany). Before the measurements, a drop of PBS is loaded onto the gel to have an aqueous phase. The EBD biosphere B100-CONT (Nanotools) probe of a well-calibrated and measured sphere tip outer radius of 100 nm and a measured spring constant of 0.26 N/m was used for nanoindentation measurements. The acquired force curves were analyzed using standard JPK data processing software (JPK, version 6.1.86). The Derjaguin--Muller--Toporov (DMT) model was fitted to determine the elastic modulus on approaching and retracting force curves following a previous publication.^[@ref28]^ The force volume maps were measured on an area of 2 × 2 μm^2^ with 8 by 8 data points. The applied normal force was 0.3 nN, and the acquisition speed was 4 μm/s. Three different areas of 2 × 2 μm^2^ were measured in order to evaluate the average nanomechanical parameters. We observed differences in the nanomechanical surface properties between the approach and retract mapping regimes for both Muc gels ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B) and tMuc gels ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B). These are possibly due to the different contributions in each regime, with combined elastic and viscous contributions in the approach maps, and a predominant elastic contribution in the retraction maps. This also indicates the importance of analyzing both approaching and retraction regimes in AFM force volume mapping for soft materials, the surface dynamics of which should be taken into account and a complicated tip--surface interaction occurs in the measurements.^[@ref28],[@ref69]^ Moreover, commonly applied contact mechanics models such as Hertz and/or the DMT are limited for studying soft gels due to the substantial viscous contribution from those soft gels. We thus also evaluated surface stiffness parameters, which do not require any contact mechanics model fitting and can be more suitable for the direct comparison of the nanomechanical surface property of Muc gels and tMuc gels using the same AFM probe.

THP-1 Cell Cultivation and Differentiation {#sec5.6}
------------------------------------------

Human monocytes THP-1 were purchased from ATCC and cultured in RPMI-1640 medium supplemented with 10% FBS, and penicillin/streptomycin (100 U/mL). Cells were split at the ratio of 1/5 when the cell density reached 1 × 10^6^ cells/mL. To differentiate cells into macrophage type 0 (M0), the THP-1 cells were cultured in the culture medium used above and supplemented with 150 nM phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) for 72 h, followed by 24 h incubation in a complete cell culture medium without PMA. To confirm the differentiation of THP-1, the cell morphological change was examined under bright field microscope and macrophage markers CD36 (2.5 μg per 1 × 10^6^ cells in 100 μL; Cat. No. 108418, BioLegend) and CD71 (2.5 μg per 1 × 10^6^ cells in 100 μL; Cat. No. 108418, BioLegend) were evaluated by FACS.

Human Monocytes Isolated from Peripheral Blood and Differentiation {#sec5.7}
------------------------------------------------------------------

Human monocytes were isolated from human peripheral blood from 2 donors purchased from the Blood Bank at Karolinska Sjukhuset. Mononuclear cells were acquired by using Ficoll-Paque PREMIUM density gradient media (GE Healthcare Life Science) according to the instruction. Briefly, blood was diluted with PBS at a ratio of 4/5, which then was carefully layered onto the Ficoll-Pague media at the ratio of 4/5. To obtain the mononuclear cell, the samples were then centrifuged at 700*g* for 40 min with acceleration and deceleration speed level at 4. The serum was sterilized by using 0.45 μm filters and stored at 4 °C for further usage. The mononuclear cells were washed in PBS and centrifuged for 10 min at 700*g* to remove the Ficoll media. The cells were cleaned through a 70 μm cell strainer (Corning) to get rid of clumps and then counted using a Bürker chamber. Monocytes were enriched by using a monocytes enrichment kit (BD Biosciences) according to the manufacture instructions. The cells were resuspended in an IMAG buffer solution and incubated with the monocyte enrichment cocktail and CD41 antibodies at a concentration of 5 μL per 1 × 10^6^ cells for 15 min. The nonconjugated antibodies were washed away by IMAG buffer, the cell pellet was then resuspended in IMag streptavidin Particles Plus-DM at the concentration of 5 μL per 1 × 10^6^ cells for 15 min. The enriched monocytes fraction was negatively selected and further sorted by FACS. Briefly, the monocytes were incubated for 10 min at room temperature with human BD Fc-block (2.5 μg per 1 × 10^6^ cells in 100 μL, Cat. No. 564220, BD Biosciences). The cells were further incubated with the following antibody cocktail for 30 min at 4 °C: APC-H7Mouse Anti-Human CD3 Clone M-A712 (2.5 μg per 1 × 10^6^ cells in 100 μL, Biolegends), PE Mouse Anti-Human CD14 Clone M5E2 (2.5 μg per 1 × 10^6^ cells in 100 μL, Biolegends), and BB515 Mouse Anti-Human CD19 Clone HIB19 (2.5 μg per 1 × 10^6^ cells in 100 μL, Biolegends). Cells were washed with 5 mL of PBS and then resuspended in 5 mL of PBS containing 20% serum. The cells within the gate of CD3-CD19-CD14+ were then sorted using FACS.

To differentiate the monocytes into M0, monocytes were cultured in RPMI-1640 medium supplemented with 20% endogenous serum, penicillin/streptomycin (100 U/mL), and macrophage colony-stimulating factor (M-CSF, Gibco, 1 μg per 5 mL of medium, Cat. No. PHC9501, Gibco) in a T-25 culture flask for 5 days.

Gene Expression Analysis by Real-Time PCR {#sec5.8}
-----------------------------------------

The total RNA of cells was extracted by using either Qiagen RNeasy minikit or Qiagen RNeasy microkit depending on the cell numbers obtained. The extracted mRNA was diluted to a concentration of 0.67 ng/μL and synthesized into cDNA using Superscript III polymerase (Invitrogen). Real-time PCR was then performed to analyze the gene expression by using a TaqMan Gene Expression Master Mix (Thermo Fisher Scientific) together with TaqMan probes. See the TaqMan probes in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03645/suppl_file/am0c03645_si_001.pdf) Table S1. The RT-PCR were carried out in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad) with the following cycling conditions: 50 °C for 2 min, 95 °C for 10 min, 95 °C for 15 s, 60 °C for 1 min, and then go to step 3 for 50 cycles. *RPL37* was used for THP-1-M0, while *ACTB* was used as housekeeping gene for primary monocytes derived macrophages (PBMC-M0).

Intracellular Cytokine Expression by FACS {#sec5.9}
-----------------------------------------

THP-1-M0 cells cultured on TCP, Muc gels, and tMuc gels were incubated with brefeldin A buffer (diluted to 1× with complete cell culture medium, Cat. No. 420601, Biolegend) for 5 h. Cells were then harvested, washed with a washing buffer (PBS containing 0.5% bovine serum albumin (BSA) and 0.1% sodium azide) twice, and then resuspended in a FACS permeabilizing solution (Cat. No. 347692, BD Bioscience) for 10 min at room temperature. After permeabilization, cells were washed with 1 mL of a washing buffer and centrifuged at 500 g for 5 min. Cell pellets were then incubated with 500 μL of 1% paraformaldehyde at room temperature and then washed twice with a washing buffer. Cells were then incubated with an antibody cocktail for 30 min on ice, containing anti-IL1RN (10 μL per 1 × 10^6^ cells in 100 μL, Cat. No. 340525, BD Bioscience), anti-IL1B (5 μL per 1 × 10^6^ cells in 100 μL, Cat. No. 340515, BD Bioscience, recognizing the processed and secreted form of IL-1B), anti-IL10 (5 μL per 1 × 10^6^ cells in 100 μL, Cat. No. 562400, BD Bioscience), and anti-IL8 (5 μL per 1 × 10^6^ cells in 100 μL, Cat. No. 563310, BD Bioscience). Cells were then washed and resuspended in the washing buffer before being subjected to FACS analysis.

Phagocytosis and Endocytosis {#sec5.10}
----------------------------

pHrodo green *Escherichia coli* (*E. coli*) bioparticles (LifeTech) and fluorescein labeled dextran (10 kDa, Sigma-Aldrich) were used to investigate the phagocytosis and endocytosis function of THP-1-derived M0. Briefly, cells were seeded on TCP, Muc gels, and tMuc gels. After 1 day, cells were then incubated with either dextran or *E. coli* bioparticles (5 μg/mL) for 60 min at 37 °C. Cells without treatment served as negative control. The internalization of the particles was then quantitatively measured by the geometric mean of fluorescence intensities (GMFI) using flow cytometry.

Statistical Analysis {#sec5.11}
--------------------

Data are shown as a means of three independent experiments. The significance was analyzed *via* nonparametric one-way ANOVA test using GraphPad Prism 8.0; \*, \*\*, \*\*\*, and \*\*\*\* indicate *p* values of \<0.05, 0.01, 0.0005, and 0.0001, respectively.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsami.0c03645](https://pubs.acs.org/doi/10.1021/acsami.0c03645?goto=supporting-info).Methods and other details including ^1^H-NMR detection after β-elimination, rheological characterization of Muc gels, approach/retract mechanical mappings, expression of THP-1-M0 macrophage markers, gene expressions, representative FACS profiles, macrophage markers' expression, TaqMan probes used for gene expression assays; abbreviations of cytokines ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c03645/suppl_file/am0c03645_si_001.pdf))
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